Introduction 53 54
A fundamental characteristic of higher plant mitochondrial DNA 55 (mtDNA) is its propensity to recombine across dispersed repetitive sequences 56 (Knoop, 2004; Mackenzie, 2007) . Extensive recombination frequently generates 57 considerable variation in genomic organization. Such recombination events are 58 also likely to be involved in the creation of mitochondrial chimeric genes and 59 pseudogenes (Conklin and Hanson, 1994; Fauron et al., 2004) . In apples (Malus x 60 domestica Borkh.), mtDNA has been used to characterize the cytoplasmic 61 diversity of a wide range of cultivars and landraces (Ishikawa et al., 1992; Kato et 62 al., 1993) . The use of mitochondrial cox1 (cytochrome c oxidase subunit 1) and 63 atp9 (ATP synthase F1 subunit 9) gene probes detected restriction fragment 64 ex2). 120
Here, we isolated the 4.8 kb HindIII fragment from a 'Golden Delicious' 121 DNA library. The restriction map of this clone was identical to that of the 4.8 kb 122
clone from 'Delicious' except for one EcoRI site (Fig. 1) . Sequence analysis 123 indicated the presence of a 222 bp atp9 ORF, which shared 100% sequence 124 identity with the 'Delicious' atp9 ( Figs. 1 and S1 ). The 'Golden Delicious' atp9 was 125 found to be expressed as a 0.5 kb mRNA (Fig. S2 ). Hybridization analysis of the 126 4.8 kb 'Golden Delicious' fragment also showed the existence of nad5 ex1 and nad53.2. atp9 pseudocopies 132
133
Our results suggest the presence of a second atp9 copy in the 'Golden 134
Delicious' mitochondrial genome. The atp9 probe was used to screen a BamHI 135 library from 'Golden Delicious' and identified two clone families. Both families 136 contained BamHI fragments (2.8 and 3.5 kb) corresponding to those detected 137 previously by Southern blot experiments (see Table 1 of Kato et al., 1993) . 138
Restriction mapping of these clones indicated that the 4.8 kb HindIII fragment 139 overlapped with the 3.5 kb BamHI fragment, but not with the 2.8 kb BamHI 140 fragment. We therefore sequenced the 2.8 kb BamHI fragment. 141
As shown in Figs. 1, S1 and S3, we found a truncated atp9 sequence. The 142 truncated copy (termed φatp9-1) was virtually identical from nucleotide -116 to 143 +91 to the intact 'Golden Delicious' atp9. Upstream of nucleotide -116 and 144 downstream from nucleotide +91, the two sequences were completely different. 145
The 3' divergence resulted in a 62 codon extension of the φatp9-1 ORF that was 146 not homologous to any known sequence. The 5' flanking region of φatp9-1 included 147 a 375 bp rps12 locus (Gualberto et al., 1988) , which in turn was preceded by a 148 truncated nad3 sequence (Gualberto et al., 1988) . 149
We next asked whether the φnad3 -rps12 -φatp9-1 gene cluster resulted 150 from genomic recombination of the intact atp9 locus with a distant genomic region. 151
To investigate this question, an additional nad3-rps12 cluster was isolated from a 152 'Golden Delicious' DNA library using the φnad3 sequence as a probe. Sequence 153 analysis of the isolated clone not only indicated the existence of an apparently 154 intact nad3 -rps12 cluster (Figs. 1 and S1 ), but also revealed a very short 155 sequence of homology (8/9 bp repeat, boxed in Fig. 1 ) across which recombination7 has presumably taken place to generate the φatp9-1 arrangement. Over time, 157 sequence divergence could have occurred in the repeat. 158
During the RFLP analysis, we became aware that the atp9 probe 159 reproducibly gave an additional weak hybridization signal (6.0 kb) in 160
EcoRI-digested DNAs of both 'Golden Delicious' and 'Delicious' (data not shown). 161
In order to determine whether a third atp9 copy is present in the 'Golden 162
Delicious' mitochondrial genome, the 6.0 kb EcoRI fragment was cloned from 163 'Golden Delicious'. Restriction mapping and hybridization analysis of this clone 164 indicated that an atp9 homologous sequence was located in a 0.45 kb 165
BglII-BamHI subfragment (Fig. 1) . Sequence analysis of the 0.45 kb subfragment 166 revealed a segment homologous to the 3' part (169 bp) of the atp9 ORF and its 3' 167 flanking sequence (3 bp) (Figs. 1, S1 and S4). Significant similarity between this 168 truncated atp9 (termed φatp9-2) and atp9 abruptly disappeared upstream of 169 nucleotide + 54 and downstream from + 228 (Figs. 1 and S1 ). 170
The region surrounding the 0.45 kb BglII-BamHI subfragment was 171 further sequenced. For this purpose, a 6.5 kb BamHI fragment overlapping the 172 6.0 kb EcoRI fragment was also cloned and partially sequenced. The third exon of atp9-specific probe was generated by PCR and was allowed to hybridize to a Northern blot containing total RNA from 'Golden Delicious'. The 2.9-kb band probably corresponds to bicistronic transcripts covering atp9, nad5 ex1 and nad5 ex2, whereas the 0.5-kb band most likely represents the processed atp9 mRNA. carried out using primers P1/P2 for the detection of φatp9-1, and P3/P4 and P3/P5 for φatp9-2. Total genomic DNA was prepared from 'Golden Delicious' (1), 'Delicious' (2), 'Cellini' (3), 'Geneva' (4), 'Hopa Crab' (5), 'Red Astrachan' (6), 'Yellow Transparent' (7), 'M9' (8), M. prunifolia (acc. 6109011-0001) (9), 'Fuji' (10), 'Jonathan' (11), 'Jonagold' (12), 'Tsugaru' (13) and 'Natsunobeni' (14). Table 1 Apple cultivars and rootstocks analyzed for the presence of atp9 pseudogene copies (see Fig.S5) 
